Truly important scientific breakthroughs often come from catching the glimpses of order in chaos and distilling a large body of disjointed data into a clear set of simple concepts. Even more impressive is when the new conceptual framework is created with some of the keystones still missing. Such bold predictions, i.e. Mendeleev's eka-silicon, challenge and inspire, serving as powerful catalysts for scientific growth. The rules for ring closure formulated by Sir Jack Baldwin in 1976 constitute one of such bold intellectual advances.
With the majority of molecules found in nature possessing a carbo-or heterocyclic unit, success of a multi-step synthesis often depends on the ability to make the key cyclic structure precisely and efficiently. Before 1976, organic chemists had to rely on their intuition and good luck when designing cyclizations. Since then, many of them have been using the set of guidelines known as ''Baldwin rules''. 1 The first glimpse of order -Baldwin's classification of cyclizations As a first step, Baldwin separated cyclizations into well-defined classes based on just three factors. They were expressed by three prefixes (e.g., 5-endo-dig) describing, respectively, the number of atoms in the forming ring, the position of the breaking bond relative to the forming ring (or the smallest of the rings when several rings are formed simultaneously) and hybridization at the ring closure point (Fig. 1, top) . Baldwin also expanded his analysis to systems where two orbital arrays align in the cyclization step, such as the enolexo-and enolendoclosures of enolates. 2 Classification in itself was very usefulnot only did it give chemists the language for describing cyclizations but it also introduced order into the dizzying variety of cyclization patterns!
The best way to break a bond. Trajectories enter the stage
The next element in constructing the cyclization rules was to identify the preferred pathway for attacking the target functionality in the ring closing step. Baldwin suggested three favourable trajectories, one for each of the three common hybridization states of the target (Fig. 1) .
For tet-and trig-cyclizations, the choices were based on the backside attack preference of S N 2 reactions and on the just published crystallographic work of Bürgi and Dunitz, 3 who identified the preferred angle of nucleophilic attack on a carbonyl. Baldwin further supported these choices by a least motion argument: ''In each case (tetragonal, trigonal, digonal) the subtended angle a between the three interacting atoms is maintained during the reaction pathway, becoming the angle between these atoms in the product''.
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Choosing the right trajectory for alkynes was more difficult. Not only were the available experimental data scarce, but the stereoelectronic preferences in the key example 4 were distorted by the destabilizing effect of the polyclic framework on the 4-exoproduct (Fig. 2) . Based on this evidence, Baldwin chose the 601 acute angle of attack b out of the two possible trajectories which maintain the subtended angle a between the three interacting atoms in digonal systems ( Fig. 1, middle) . Although this assumption turned out to be incorrect, it allowed one to move forward with a set of testable guidelines.
The rules

Rules
Baldwin postulated that favourable ring closures occur ''when the length and nature of linking chain enables the terminal atoms to achieve the required trajectories'' for bond formation. 1 In contrast, disfavoured reactions require the severe distortion of bond angles and distances in order to reach the optimal trajectories and, thus, are not able to compete with faster alternative pathways. The combination of the suggested trajectories with the geometric restriction of the linking atoms resulted in what is known as the Baldwin rules (Fig. 1 ).
Environment and impact
The time was right for Baldwin's ideas -just several years after the 1969 Nobel Prize for conformational analysis (co-received by Hassel and Baldwin's PhD advisor Barton), the 1975 Nobel Prize for stereochemistry of organic and biochemical reactions (Cornforth and Prelog), and The Conservation of Orbital Symmetry by Woodward and Hoffmann in 1969. 5 It aligned with the contributions of others as well, in particular the work of Julia 6 and Beckwith. 7 Beckwith would later offer an important set of rules for radical cyclizations. 8 The ideas were quickly accepted, and the 1976 Communication eventually became the most cited article for the first four decades of Chem. Comm. history. Not only has this work amassed more than 2000 citations, but its catalytic effect on the development of chemistry continued in an indirect way, as illustrated by the B60 000 citations for the papers that used Baldwin's ideas (and cited the 1976 paper).
Caveats and violations
The rules offered testable predictions and the chemical community rose to the challenge by taking these ideas for a test drive. Since rules are made to be broken, exceptions and violations were found. Some were expected, but others stimulated the imagination of experimentalists and challenged theoreticians. We will list the most important caveats below.
(1) Unusual bond lengths Due to the larger atomic radii and bond distances of heavier atoms, Baldwin stipulated that atoms in the cycle must be ''first row elements''. A less recognized corollary is that reactions which involve the cleavage and formation of the much shorter bonds to hydrogen often do not follow the rules as well. For example, radical 1,5-hydrogen transfers, which formally proceed via the unfavourable 6-endo-tet transition state, are common.
(2) Thermodynamic contributions
The kinetic preferences described by the Baldwin rules are not applicable to transformations that proceed under thermodynamic control. If the cyclizations are reversible, the kinetic preferences embodied by the Baldwin rules are not applicable.
In addition, even under kinetic control, thermodynamic factors can modify reactivity in two ways. First, exothermic reactions have early, reactant-like transition states and consequently require less distortion from the reactant geometry to reach the optimal bond-forming trajectories. Second, thermodynamic contributions directly lower activation barriers of exothermic cyclizations. 10 As a result, even stereoelectronically unfavourable reactions become competitive once made sufficiently exothermic. This is an important caveat in using the stereoelectronic arguments of the Baldwin rules for predictions of the regioselectivity. The 5-exo/6-endo competition in Fig. 3 illustrates this potentially misguiding effect. Although the two reactions have almost identical activation barriers (difference of 0.2 kcal mol À1 ), the 6-endo closure is much more exothermic due to aromatic stabilization of the product. Removal of thermodynamic component to the activation barrier illustrates that the 6-endo cyclization would be much slower if both cyclizations had the same exothermicity (Fig. 3) .
(3) Rules for cations -very different from anions!
Another potentially controversial aspect of the Baldwin rules is whether their utility extends beyond nucleophilic closures. Although Baldwin stated that this treatment ''also applies to homolytic and cationic processes'', 11 one cannot simply ''transfer'' the guidelines between the different attacking species. For example, the cationic 1,2-shifts involved in WagnerMeerwein rearrangements are analogous to the anionic 3-endotet process but, whereas cationic processes are ubiquitous, fast, and concerted, their anionic counterparts are clearly unfavourable as illustrated by the non-concerted nature of the [1,2]-Wittig and related anionic rearrangements. 12 The cationic closures of alkenes are often very fast, coupled with rearrangements and driven by thermodynamic factors towards the formation of the most stable product.
(4) Rules for alkynes
As mentioned earlier, very little was known about alkyne cyclizations in 1976. It is a testament to Baldwin's intellectual courage that he decided to offer his model, where alkynes were drastically different from alkenes, to the critical eye of contemporary and future organic chemists! As time went on, the emerging experimental and computational data started to provide evidence that alkenes and alkynes are more similar than suggested by the Baldwin rules. In 1980, Beckwith and coworkers suggested that radical exo-cyclizations are generally favorable. 8 17 However, only in 2011, a comprehensive study by Alabugin and Gilmore fully reexamined and redefined the rules for anionic and radical cyclizations of alkynes. 18 We turned to the Baldwin rules for guidance when trying to understand the mechanism of reductive C1-C5 cyclizations of enediynes. This reaction has been used for the design of the efficient double-strand DNA photocleavers, which are activated on demand by electron transfer from their target at the lower pH of hypoxic cancer tissues. 19 Among several possible mechanisms, our attention was drawn to radical 5-endo-dig closure, favourable according to the Baldwin rules. To our surprise, however, there was only one reported example of this reaction and it involved a Si-centered radical, not even covered by the rules. 20 The computational analysis of this discrepancy revealed that the 4-exo-dig cyclization, unfavourable according to the rules and significantly less exothermic, is often faster than the alternative 5-endo-dig closure. 21 Subsequent experimental work confirmed these predictions; only in the presence of an intramolecular interaction selectively stabilizing the 5-endo-TS could we obtain good yields of the 5-endo-products (Fig. 4) . 22 Intrigued by the observation that the ''favourable'' reaction needed extra help to win over the ''unfavourable'' 4-exo-dig closure we took advantage of a timely invitation to write a review on the Baldwin rules to undertake a systematic reevaluation of alkyne cyclizations. 23 Based on modern stereoelectronic preferences, we suggested a set of rules which reversed Baldwin's predictions for alkyne cyclizations (Fig. 5) . 18 Although the original rules were inaccurate for the digonal closures, Baldwin's work inspired us to move to a new direction and to discover a new reaction, the first 5-endo-dig cyclization of a C-centered radical. This is yet another example of the catalytic effect that Baldwin rules has had on the development of organic chemistry.
(5) Sigmatropic shifts masquerading as endo-cyclizations
Years after Baldwin suggested that the rules ''may not apply to concerted electrocyclic processes in which geometric changes other than inversions are often observed'', unexpected connections between the rules and pericyclic reactions continue to appear. In 2012, computational analysis of the parent anionic cyclizations revealed that the transition states for 5-endo-dig and 5-endo-trig anionic ring closures are stabilized by the presence of a 5c,6e s-aromatic orbital array involving the lone pair at the nucleophilic center, the target alkyne (or alkene) p bond and a s CC bridge. The observation of TS aromaticity in a formally non-pericyclic reaction revealed that the 5-endo cyclizations are ''aborted'' [2, 3] -sigmatropic shifts, where the cyclic TS of the pericyclic reaction is stabilized to an extent where it is more stable than the starting material (Fig. 6 ).
(6) Enzyme-catalyzed reactions of epoxides -a violation?
One example where the classification is ambiguous is cyclic closure onto epoxides, a process that plays a central role in the biosynthesis of ladder polyether natural products. 25 Baldwin mentions these only briefly, stating ''The rules for opening three-membered rings to form cyclic structures seem to lie between those for tetrahedral and trigonal systems, generally preferring exomodes''. 1 This statement led to much misunderstanding and several reports of ''anti-Baldwin'' reactions. 26 In order to avoid the confusion in describing the two alternative cyclizations, Jamison and coworkers even suggested an alternative to the Baldwin classification, i.e., the ''spiro'' and ''fused'' transition states in Fig. 7 . 27 They also pointed out that using Baldwin's rules to classify the fused and spiro transition states, respectively as endo-tet and exo-tet, is a misconception. Because the breaking epoxide C-O bond is located outside the newly formed ring in both cases, each cyclization should be considered to be an exo-tet process. Only if both carbons of an epoxide are considered as one functional group similarly to an alkene, is the endo/exo classification applicable but then it should use the exo-trig and endo-trig (not tet!) cyclizations as the reference point for the ''fused'' TS. Note that both 6-exo-tet and 6-endo-trig processes are favorable according to the original Baldwin rules and, thus, formation of pyranes via the ''fused'' TS is a relatively unfavorable but not an ''anti-Baldwin'' cyclization. Since ''anti-Baldwin'' enzymatic reactions of epoxides correspond to the favorable 6-exo-tet/6-endo-trig cyclizations, enzymes do obey the Baldwin rules! 28 Nature chooses to achieve selective transformations by giving an additional advantage to one of the two favourable processes rather than overruling basic stereoelectronic principles.
Future of the rules
The current reincarnation of the rules is based on integrating them with stereoelectronic factors involved in bond formations. Two of the original proposed trajectories already had a stereoelectronic component because the suggested angles of attack optimize the overlap of incoming nucleophiles with the s* C-Y (tet) and p* CQY (trig) orbitals in the bond-forming, stabilizing two-electron orbital interactions. Indeed, a footnote stated: ''This angular relationship is to be expected in interactions of p-type orbitals to maximize orbital overlap.'' 1 However, symmetry of the interacting orbitals is as important as the orbital alignment. For example, symmetry considerations disfavor the original acute trajectory for alkynes because it directs the incoming nucleophile at the node in the target p*-orbital.
A better understanding of MO symmetry and stereoelectronic effects is key for the successful application of the Baldwin rules for the expanding list of functional groups (i.e., epoxides or alkyne p-complexes) and different attacking species (i.e., electrophiles and radicals).
Epoxides -stereoelectronic analysis resolves controversies
For example, the orbital symmetry of the epoxide LUMO (an ''all out-of-phase'' combination of the three in-plane Walsh p-orbitals, Fig. 8 ) reveals similarities between exo-tet and endotrig cyclizations and the ''fused'' TS for epoxide cyclizations, illustrating why the latter reactions should not be considered ''anti-Baldwin''.
The analysis also illustrates unusual stereoelectronic features of epoxides based on the presence of bent (''banana'') bonds in the small cycle. In addition, TSs for strain-driven exothermic reactions may be much earlier in epoxides in comparison to carbonyls.
endo-Selective cyclizations and LUMO umpolung
Stereoelectronic requirements for nucleophilic and electrophilic cyclizations are different. A nucleophilic attack involves the interaction of the nucleophile's HOMO with the substrate's LUMO, which is maximized by an obtuse angle of attack at a p*-system. In contrast, attack of an electrophile at a p-bond is controlled by the favorable 2e-interaction between the electrophile LUMO and the p-bond HOMO. The latter interaction favours an acute trajectory, which brings electrophiles at the center of the p-bond on route to the formation of nonclassical cations. This trajectory should enable both endo-and exo-ring closures. 18, 23 Although the cationic ring closures of alkynes would provide strained endocyclic vinyl cations, two alternative routes can overcome this penalty. One of them (NPEC, Nucleophile-Promoted 
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Electrophilic Cyclizations) is involved when cationic cyclization proceeds via a non-classic cation converted in the exo/endo-cyclic products via a nucleophilic attack. Alternatively, one can invert the stereoelectronic requirements of nucleophilic cyclizations (''LUMO umpolung'' 18, 23 ) via coordination of an alkyne to an external Lewis acid. Such processes, the Electrophile-Promoted Nucleophilic Cyclizations, or EPNCs, are particularly useful in the design of endo-dig cyclizations (Fig. 9) . The redesigned rules for cyclizations based on the expanded list of stereoelectronic guidelines continue to be useful in the development of organic reactions. For example, they guided us in the design of ''all-exo'' radical cyclizations 29 and ''all-endo'' Au-catalyzed 30 cyclizations for the preparation of carbon ribbons (Fig. 10 ).
Summary
Making predictions is always risky but paramount for scientific progress. The life cycle of many scientific models goes from birth, maturation and general acceptance, to reaching their limits, redesign and reincarnation. Baldwin rules guided a large body of experimental research and catalyzed the development of more accurate theoretical models that has led to a better understanding of the underlying stereoelectronic principles for the formation and cleavage of chemical bonds.
Rarely does a single paper accomplish so much: deriving order from chaos, offering new ways of looking at an important class of chemical transformations, as well as inspiring numerous studies dedicated to reaction design and discovery. For this, we salute Jack Baldwin. Fig. 9 Orbital interactions that allow endo-cyclizations. Fig. 10 Design of all-exo and all-endo cascade cyclizations of alkynes.
